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ABSTRACT
Recent studies have demonstrated that mice lacking protein L-isoaspartate (D-

aspartate) O-methyltransferase (Pcmt1–/– mice) have alterations in the insulin-like growth
factor-I (IGF-I) and insulin receptor pathways within the hippocampal formation as well as
other brain regions. However, the cellular localization of these changes and whether the
alterations might be associated with an increase in cell number within proliferative regions,
such as the dentate gyrus, were unknown. In this study, stereological methods were used to
demonstrate that these mice have an increased number of granule cells in the granule cell
layer and hilus of the dentate gyrus. The higher number of granule cells was accompanied by
a greater number of cells undergoing mitosis in the dentate gyrus, suggesting that an
increase in neuronal cell proliferation occurs in this neurogenic zone of adult Pcmt1–/– mice.
In support of this, increased doublecortin labeling of immature neurons was detected in the
subgranular zone of the dentate gyrus. In addition, double immunofluorescence studies
demonstrated that phosphorylated IGF-I/insulin receptors in the subgranular zone were
localized on immature neurons, suggesting that the increased activation of one or both of
these receptors in Pcmt1–/– mice could contribute to the growth and survival of these cells.
We propose that deficits in the repair of isoaspartyl protein damage leads to alterations in
metabolic and growth-receptor pathways, and that this model may be particularly relevant
for studies of neurogenesis that is stimulated by cellular damage. J. Comp. Neurol. 493:
524–537, 2005. © 2005 Wiley-Liss, Inc.
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Protein L-isoaspartate (D-aspartate) O-methyltransferase
(PCMT1) is an enzyme that is expressed in most living
organisms and is found in all mammalian tissues, with the
highest levels in the brain (Kim et al., 1997; Yamamoto et al.,
1998). Functionally, it initiates the repair of protein damage
due to the isomerization of aspartyl residues, a common
protein degradation pathway in living systems (Johnson et
al., 1987; McFadden and Clarke, 1987; Brennan et al., 1994;
Ingrosso et al., 2000; Chavous et al., 2001; Clarke, 2003;
Doyle et al., 2003; Lanthier and Desrosiers, 2004). Mice with
a disrupted gene encoding this enzyme (Pcmt1–/– mice) ac-
cumulate higher levels of isoaspartyl-containing polypep-
tides in all tissues, especially the brain, when compared to

levels in Pcmt1!/! mice (Kim et al., 1997; Yamamoto et al.,
1998; Lowenson et al., 2001). In addition, these mice develop
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generalized seizures at "30 days of age and usually die
following a severe seizure episode at an average of 42 days of
age (Kim et al., 1997, 1999; Yamamoto et al., 1998; Ikegaya
et al., 2001; Farrar and Clarke, 2002). Pcmt1–/– mice also
have a progressive enlargement of the brain (Yamamoto et
al., 1998; Farrar et al., 2005). This suggests that complex,
potentially compensatory changes are occurring in response
to the lack of the protein repair enzyme.

Indeed, recent studies have revealed increased activa-
tion of the phosphatidylinositide 3-kinase (PI3K)/Akt sig-
nal transduction pathway in the brains of Pcmt1–/– mice
(Farrar et al., 2005). Interestingly, increased activation of
this pathway occurs in several other mouse models with
regional or generalized brain enlargement, including mice
lacking either tuberous sclerosis complex-1 (Uhlmann et
al., 2002), phosphoinositide phosphatase (Groszer et al.,
2001), caspase-9 (Kuida et al., 1998), or p27kip1 (Fero et
al., 1996), and mice overexpressing either insulin-like
growth factor-I (Carson et al., 1993) or #-catenin (Chenn
and Walsh, 2002).

Further studies of the upstream elements of the PI3K/
Akt pathway demonstrated increased activation of either
the insulin-like growth factor-I (IGF-I) receptors, insulin
receptors, or both in the hippocampus of Pcmt1–/– mice
(Farrar et al., 2005). In addition, Pcmt1–/– mice were
found to have a progressive increase in insulin receptor
#-subunit protein levels in all brain regions and in multi-
ple tissues from 20 to 50 days of age (Farrar et al., 2005).
The higher levels of insulin receptor were even detectable
in the brain tissue of Pcmt1–/– mice on the first postnatal
day (P0), indicating that, aside from increased
isoaspartyl-damage, an alteration of metabolic pathways
may be one of the first phenotypes to manifest in these
mice (Farrar et al., 2005). While insulin and IGF-I signal-
ing pathways can be involved in tissue growth (Baker et
al., 1993; Beck et al., 1995; Ish-Shalom et al., 1997; Ander-
son et al., 2002), it was unknown whether specific changes
such as increased neuronal number and cell proliferation
occur in this mouse model.

Although every region of the Pcmt1–/– mouse brain had
altered levels of insulin and IGF-I signaling proteins com-
pared to the corresponding regions of Pcmt1!/! mouse
brain, these changes were especially striking in the hip-
pocampal formation, particularly in the dentate gyrus
(Farrar et al., 2005). This region is one in which neuro-
genesis persists into adulthood (Altman and Das, 1965;
Kaplan and Bell, 1984) and one in which progenitor cell
proliferation can increase under various conditions (for
recent reviews, see Gould and Gross, 2002; Lie et al.,
2004). Therefore, the present study was designed to iden-
tify possible changes in granule cell number and cell pro-
liferation in the dentate gyrus, determine whether acti-
vated insulin-related receptors were present at higher
levels in this neurogenic region, and ascertain if these
receptors could be detected in immature neurons of adult
Pcmt1–/– mice.

MATERIALS AND METHODS
Animals

Four male 40-day-old Pcmt1–/– mice and four sex- and
age-matched littermate Pcmt1!/! mice were used for
immunohistochemical and stereological studies. The
Pcmt1!/! and Pcmt1–/– mice were generated as previ-

ously described (Kim et al., 1997; Farrar et al., 2005). By
inbreeding mice that were heterozygous for the knockout
mutation for many generations over 10 years, a congenic
mutant line has been generated that is "50% 129/svJae
and 50% C57BL/6. Mice were weaned at 20 days of age,
housed in a barrier facility with a 12-hour light/dark cycle,
and had unlimited access to chow food (NIH-31 Modified
Mouse/Rat Diet #7013) and fresh water. No behavioral
seizures were observed in the Pcmt1–/– mice used in this
study, but it is possible that they experienced seizures
while not under direct observation.

For comparison with the Pcmt1–/– mice, tissue from six
male C57Bl/6 mice (4 months of age) was included in a
subgroup of the immunohistochemical studies as controls
for the effects of seizure activity. Pilocarpine-induced sta-
tus epilepticus had been induced in three of the mice 2
months earlier, and these mice had been experiencing
frequent spontaneous seizures for several weeks prior to
perfusion. The remaining three mice were included as
age-matched controls and were perfused at the same time
as the pilocarpine-treated mice. Protocols for pilocarpine
treatment, care, and monitoring were identical to those
described previously (Peng et al., 2004).

Mice were monitored by on-site veterinarians and all
protocols were approved by the UCLA Animal Research
Committee and conformed to National Institutes of
Health guidelines.

Antisera
All antisera used in immunohistochemical experiments

were obtained from commercial sources. Neurons were
identified by using a mouse monoclonal antibody that
recognizes the neuron-specific nuclear protein NeuN
(MAB377, Chemicon International, Temecula, CA; diluted
1:1,000). This antibody was raised against purified cell
nuclei from mouse brain and has been shown to recognize
2–3 bands at 46–48 kDa and possibly one at 66 kDa by
Western blot (Chemicon International product datasheet;
Mullen and Buck, 1992). It reacts with most neuronal cell
types throughout the nervous system of mice and is pri-
marily localized in the nucleus of the neurons with lighter
staining in the cytoplasm. In this study, the NeuN anti-
body provided specific labeling of neurons throughout the
hippocampal formation, and the staining pattern was very
similar to that seen in other studies in which this antibody
was used (e.g., Tang et al., 2005).

Dentate granule cells were labeled with a rabbit poly-
clonal antiserum (AB5475, Chemicon International; di-
luted 1:30,000) raised against a synthetic peptide corre-
sponding to amino acids 722–737 of the C-terminus of the
mouse Prox1 protein (Swiss-Prot protein sequence data-
base, primary accession #P48437). This antiserum specif-
ically labels Prox1-expressing cells of mouse, rat, and ze-
brafish origin and has been shown to label only
differentiated dentate granule cells in the adult mouse
brain (Bagri et al., 2002). In the current study the Prox-1
labeling in the hippocampal formation was specific for
granule cells of the dentate gyrus and labeled no other
cells in the brain regions examined, including hippocam-
pus, cerebral cortex, and thalamus.

Neurons undergoing mitosis were labeled with a rabbit
polyclonal antiserum that recognizes histone H3 phos-
phorylated at Ser10, identified as “mitosis marker” (#06-
570, Upstate, Lake Placid, NY; diluted 1:400). This
antiserum was raised against a synthetic serine-
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phosphorylated peptide corresponding to amino acids
7–20 of human histone H3 (Swiss-Prot #P68431). This
antiserum labels a single 17 kDa band by Western blot
(Upstate certificate of analysis) and has been shown to
specifically recognize mitotic cells of mammalian and non-
mammalian origin by immunohistochemistry. In this
study the mitotic marker labeling pattern, including cell
morphology and localization in the subgranular zone of
the dentate gyrus, was very similar to that seen in previ-
ous immunohistochemical studies that used phospho-H3
antibodies in adult rodent brain (Gould and Gross, 2002;
Mandyam et al., 2004).

Immature and developing neurons in the subgranular
zone were identified with either a goat antiserum (sc-
8066, Santa Cruz Biotechnology, Santa Cruz, CA; diluted
1:4,000–10,000) directed against a synthetic doublecortin
peptide corresponding to amino acids 385-402 at the
C-terminus of human doublecortin (Swiss-Prot #O43911)
or a guinea pig antiserum (AB5910, Chemicon Interna-
tional; diluted 1:4,000) directed against a synthetic dou-
blecortin peptide corresponding to amino acids 350–365 of
mouse doublecortin (Swiss-Prot #O88809). The doublecor-
tin sc-8066 antiserum recognizes a 45-kDa band by West-
ern blot (Santa Cruz Biotechnology product datasheet). It
is specific for doublecortin of mouse, rat, and human origin
by Western blotting, immunoprecipitation, and immuno-
histochemistry and is noncross-reactive with related pro-
tein KIAA0369. In the current study the staining pattern
obtained with this doublecortin antiserum was the same
as that seen in previous studies in which this antiserum
was used (Kronenberg et al., 2003; Rao and Shetty, 2004;
Couillard-Despres et al., 2005). The doublecortin anti-
serum AB5190 gave a virtually identical staining pattern
to that seen with sc-8066.

IGF-I receptors phosphorylated at Tyr1131 (pIGF-IR)
and insulin receptors phosphorylated at Tyr1146 (pIR)
were detected with a rabbit polyclonal antiserum directed
against a synthetic human pIGF-IR peptide (#3021 lots 3
and 4, Cell Signaling Technology, Beverly, MA; diluted
1:500) corresponding to amino acids 1151–1166 of human
IGF-IR (Swiss-Prot #P08069). By Western blot, this anti-
serum recognizes a band at 90 kDa and detects endoge-
nous levels of pIGF-IR (Tyr1131) and pIR (Tyr1146) pro-
teins of mouse, rat, and human origin (Cell Signaling
Technology product datasheet). This antiserum also cross-
reacts with the activated form of other similar tyrosine
kinase receptors, such as receptors for epidermal growth
factor and fibroblast growth factor (Cell Signaling Tech-
nology). Therefore, we additionally used an antibody di-
rected against activated insulin receptor substrate-1,
which is downstream of only insulin, IGF-I, and
interleukin-4 receptors. Insulin receptor substrate-1 phos-
phorylated at Tyr941 (pIRS-1) was localized with a rabbit
polyclonal antiserum (sc-17199, Santa Cruz Biotechnol-
ogy; diluted 1:2,000) directed against a synthetic human
pIRS-1 peptide corresponding to amino acids 1229–1238
near the C-terminus of human IRS-1 (Swiss-Prot
#P35568). This antibody is specific for pIRS-1 (Tyr941)
protein of rat, mouse, or human origin (Santa Cruz Bio-
technology product datasheet). Adsorption controls using
the pIRS-1 blocking peptide (sc-17199 P, Santa-Cruz Bio-
technology; diluted to 1 $g/ml) were used to confirm this
antiserum’s specificity. In addition, this antiserum was
found to recognize a single major band at "180 kDa in
homogenized tissue from the hippocampus and cortex of

Pcmt1!/! and Pcmt1–/– mice. The staining pattern ob-
tained with this antibody was very similar to that ob-
tained with the pIGF-IR(Tyr1131)/pIR(Tyr1146) anti-
serum described above.

Dilution series analysis for each antiserum used in this
study was performed on Pcmt1!/! and Pcmt1–/– mouse
tissue, and primary antiserum omission controls were
used to further confirm the specificity of the immunohis-
tochemical labeling.

Tissue preparation for
immunohistochemistry

The mice were deeply anesthetized with sodium pento-
barbital (90 mg/kg, i.p.) and perfused through the ascend-
ing aorta with 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (pH 7.3). After perfusion, the brains
were maintained in situ at 4°C for 1 hour and then re-
moved and postfixed in the same fixative for 1 hour. After
thorough rinsing in phosphate buffer, the brains were
cryoprotected in a 30% sucrose solution, blocked in the
coronal plane, frozen on dry ice, and sectioned at 30 $m on
a cryostat. Individual sections were stored in cryopro-
tectant solution at –20°C until processing.

Immunohistochemistry
Free-floating sections were processed for immunohisto-

chemistry with standard avidin-biotin-peroxidase meth-
ods (Vectastain Elite ABC; Vector Laboratories, Burlin-
game, CA). Sections were incubated in 10% normal serum
in 0.1 M Tris-buffered saline, pH 7.4 (TBS), containing
0.3% or 1% Triton X-100 for 1 hour. The sections were then
incubated in the primary antiserum diluted with TBS
containing 2% normal serum overnight at room tempera-
ture. After rinsing in TBS, the sections were incubated in
biotinylated secondary antibody (diluted 1:1,000) at room
temperature for 1 hour, rinsed in TBS, and incubated in
ABC Elite solution (5 $l/ml) for 1 hour. After rinsing in
0.075 M sodium phosphate-buffered saline, pH 7.3 (PBS),
the sections were processed with 0.06% 3,3%-
diaminobenzidine-HCl and 0.006% H2O2 diluted in PBS
for 5–15 minutes. After thorough rinsing, the sections
were mounted on gelatin-coated slides, dehydrated, and
coverslipped. In all experiments designed to compare the
immunohistochemical labeling in Pcmt1–/– and
Pcmt1!/! mice, sections from the two groups of animals
were processed identically and in parallel for each step of
the immunohistochemical procedures. Likewise, sections
from pilocarpine-treated and control mice were processed
in parallel for immunohistochemical localization of dou-
blecortin.

Quantitative analysis
Quantitative stereological analysis was performed blind

to the experimental animal’s genotype. The number of
cells labeled for either Prox1 or the mitosis marker in the
dentate gyrus of Pcmt1!/! and Pcmt1–/– animals was
estimated using standard stereological methods and a
computer-assisted optical fractionator system (West et al.,
1991; West, 1999) with Stereo Investigator software (Mi-
croBrightField, Baltimore, MD). Stereological analysis
was performed with a 100& objective (10,000& final mag-
nification) for Prox1 and a 40& objective (4,000& final
magnification) for mitosis marker. For the analysis of
Prox1-labeled cells, every tenth section was analyzed
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starting from the rostral end of the hippocampus and
proceeding caudally until no Prox1-labeled cells could be
detected. An average of "5% of the total granule cell layer
per section was sampled systematically and randomly
with a counting frame of 25 & 25 $m. Total section thick-
ness was used for dissector height, and only nuclei within
the counting frame or overlapping the right or superior
border of the counting frame, and which came into focus
while focusing down through the dissector height, were
counted.

For the analysis of mitosis marker-labeled cells, every
seventh section was analyzed starting from the rostral
end of the hippocampus and proceeding caudally until no
cells of the subgranular zone could be detected. The sub-
granular zone was sampled in each section with a count-
ing frame of 75 & 75 $m. The region of the subgranular
zone was delineated by a contour line drawn 12 $m above
and below the inner border of the granule cell layer.

The hilar area was sampled in each section with a
counting frame of 75 & 75 $m for Prox1- and mitosis
marker-labeled cells. Cells in the hilus were considered
those within the area between the upper and lower blades
of the dentate gyrus, excluding the 12 $m region below the
granule cell layer, and not within CA3. The total numbers
of neurons labeled for Prox1 and the mitosis marker in the
defined regions were estimated and the average number of
neurons 'SEM was calculated for both groups of
Pcmt1!/! and Pcmt1–/– mice. The data were analyzed
statistically with Student’s t-test to determine significant
differences in the number of neurons between groups
(Pcmt1!/! and Pcmt1–/– mice) in each region; P ( 0.05
was considered significant.

Double-labeling and confocal microscopy
Free-floating coronal sections from the same animals

described above were incubated in 10% normal donkey
serum in TBS containing 0.3% Triton X-100 for 2 hours.
The sections were then placed in primary antisera (1:
5,000 goat anti-doublecortin and either 1:4,000 rabbit
anti-pIRS-1 or 1:1,000 rabbit anti-pIGF-IR/pIR) diluted
with TBS containing 2% normal donkey serum and incu-
bated for 3 days at room temperature. After thorough
rinsing in TBS, sections were incubated in a mixture of
donkey antigoat IgG conjugated to Alexa Fluor 488 and
donkey antirabbit IgG labeled with Alexa Fluor 555 (both
1:500; Molecular Probes, Eugene, OR) at room tempera-
ture for 2 hours. Sections were then rinsed in TBS for at
least 20 minutes, mounted on slides, and coverslipped
with Prolong antifade medium (Molecular Probes). Sec-
tions were analyzed with a Zeiss (Thornwood, NY) LSM
510 confocal microscope. Images compared in figures were
adjusted identically for brightness and contrast.

RESULTS
Enlarged hippocampal formation but

relatively normal histology in Pcmt1–/– mice
In NeuN-labeled sections the Pcmt1–/– mice demon-

strated relatively normal neuronal morphology in the hip-
pocampal formation, with no macroscopic tissue abnor-
malities aside from an enlarged appearance (Fig. 1A,B).
Throughout the dentate gyrus of the Pcmt1–/– mice the
granule cell layer often appeared longer and wider than
that of the Pcmt1!/! mice (Fig. 1A,B).

Fig. 1. NeuN immunolabeling
of neurons in coronal sections
through the hippocampal forma-
tion of Pcmt1!/! and Pcmt1–/–
mice. The distribution and density
of neurons in the hippocampal for-
mation of the Pcmt1–/– mouse (B)
are very similar to those of the
Pcmt1!/! mouse (A). However,
the size of the hippocampal forma-
tion in the Pcmt1–/– mouse (B) ap-
pears to be larger, and the granule
cell layer (G) of the dentate gyrus
(DG) is somewhat thicker than
that seen in the Pcmt1!/! mouse
(A). Scale bar ) 200 $m in B (ap-
plies to A,B).
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Greater number of Prox1-labeled cells in
the dentate gyrus and hilus

of Pcmt1–/– mice

The mouse homolog of the Drosophila gene prospero,
prox-1, is a divergent homeobox gene expressed almost
exclusively in dentate granule cells in the postnatal ro-
dent brain (Oliver et al., 1993; Liu et al., 2000; Pleasure et

al., 2000). Antiserum against Prox1 was used to label
granule cells of the dentate gyrus in both Pcmt1!/! and
Pcmt1–/– mice (Fig. 2A,B). Labeled cells within the gran-
ule cell layer and hilus were counted separately using
stereological methods.

Pcmt1–/– mice demonstrated a 22% increase in the
number of cells within the granule cell layer over that in
Pcmt1!/! mice (Table 1; Fig. 2A,B). As the volume of this

TABLE 1. Number of Prox1- and Mitosis Marker-immunoreactive Cells per Region of the Dentate Gyrus in Pcmt1!/! and Pcmt1*/* Mice

Measurement Pcmt1!/! Mean1 SEM2 Pcmt1*/* Mean1 SEM2
Pcmt1*/* value/
Pcmt1!/! value P value

Prox1-immunoreactive neurons Cells in the granule cell layer 538,978 17,651 658,426 9,092 122% **0.003
Granule cell layer volume (mm3) 206 28 260 29 126% *0.021
Granule cell layer cell density

(cell/mm3)
2,737 292 2,635 312 96% 0.428

Cells in the hilus 5,586 214 14,499 1,568 260% *0.010
Hilar volume (mm3) 200 11 304 20 152% **0.008
Hilar cell density (cell/mm3) 28 2 47 2 167% **0.001

Mitosis marker-immunoreactive
cells

Cells in the subgranular zone 2,487 233 5,810 317 234% **0.005

Cells in the hilus 865 117 1,999 219 231% **0.004

1Mean value of four mice.
2SEM is the standard error of the mean corresponding to the preceding value.
*P ( 0.05.
**P ( 0.01.

Fig. 2. Prox1 immunolabeling of granule cells in the dentate gyrus
of Pcmt1!/! and Pcmt1–/– mice. A: In the Pcmt1!/! mouse, gran-
ule cells in the dentate gyrus are confined mainly to the granule cell
layer (G) with a few scattered neurons within the molecular layer (M)
and hilus (H). B: In the Pcmt1–/– mouse, the granule cell layer
appears slightly thicker than that of the Pcmt1!/! mouse (A), and

more granule cells are evident in the molecular layer and hilus.
C: Higher magnification of the hilus in the Pcmt1!/! mouse shows
relatively few granule cells in this region. D: Higher magnification of
the hilus in the Pcmt1–/– mouse shows many more granule cells in
this region than in the Pcmt1!/! mouse (C). Scale bars ) 200 $m in
B (applies to A,B); 25 $m in D (applies to C,D).
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cell layer was also increased by "26%, the cell density was
not significantly different from that of Pcmt1!/! mice
(Table 1). These findings were consistent with the general
observation of similar sizes of granule cells in Pcmt1–/–
and Pcmt1!/! mice.

In the hilus of Pcmt1–/– mice, the number of granule
cells was "160% greater than that seen in Pcmt1!/!
mice, and the region was "52% greater in volume (Table
1; Fig. 2C,D). The estimated number of granule cells in
both regions was greater in all Pcmt1–/– mice compared
to their Pcmt1!/! littermates.

Greater numbers of mitosis marker-labeled
cells in the subgranular zone and hilus of

Pcmt1–/– mice
An increase in cell number could signify an increase in

cell proliferation or a decrease in cell death. Therefore, to
investigate the level of cell proliferation occurring in the

dentate gyrus of Pcmt1–/– compared to Pcmt1!/! mice,
mitotic cells were localized with an antiserum against the
endogenous marker, histone H3 phosphorylated at Ser10.
The appearance of this marker coincides with mitotic
chromosome condensation and is only present in cells that
are actively dividing (Hendzel et al., 1997), as opposed to
those undergoing DNA repair or those with altered cellu-
lar uptake, as can sometimes occur with bromodeoxyuri-
dine (BrdU) labeling (Cooper-Kuhn and Kuhn, 2002;
Gould and Gross, 2002; Rakic, 2002). Although BrdU la-
beling might have provided an additional measurement of
cell proliferation, Pcmt1–/– mice are particularly sensi-
tive to handling at this age, and such experiments could be
complicated by the increased occurrence of seizures and
death in these mice. In Pcmt1!/! and Pcmt1–/– mice,
immunolabeling for the mitosis marker was observed in
cells of both the subgranular zone and the hilus (Fig.
3A–F), but labeled cells in both regions appeared more

Fig. 3. Mitosis marker immunolabeling in the dentate gyrus of
Pcmt1!/! and Pcmt1–/– mice. A: In the Pcmt1!/! mouse a few
cells undergoing mitosis (examples at arrows) can be seen within the
subgranular zone (S) of the dentate gyrus and sometimes in the hilus
(H). B: In the Pcmt1–/– mouse many more mitotic cells can be seen
within the subgranular zone and hilus than within these regions in

the Pcmt1!/! mouse (A). C–F: Higher magnification of mitotic cells
in the subgranular zone (arrows) and hilus (arrowheads) of
Pcmt1!/! (C) and Pcmt1–/– (D–F) mice. The labeling of the mitotic
cells often appears as a group of dots (C,F), and these cells can
sometimes be found alone (E), in pairs (C,F), or in clusters (D). Scale
bars ) 50 $m in B (applies to A,B); 10 $m in F (applies to C–F).
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abundant in the Pcmt1–/– mice (Fig. 3A,B). Using stereo-
logical methods to estimate the numbers of mitosis
marker-labeled cells, Pcmt1–/– mice were found to have a
134% increase in the number of actively dividing cells in
the subgranular zone over that in Pcmt1!/! mice (Table
1). In the hilus of Pcmt1–/– mice, the number of mitosis
marker-labeled cells was 131% higher than that of
Pcmt1!/! mice (Table 1). The labeling of mitotic cells
was greater in all of the Pcmt1–/– mice compared to their
Pcmt1!/! littermates.

Although no quantitative studies were conducted, the
subventricular zone was examined qualitatively and no
evidence for increased cell proliferation was found in the
current group of animals at 40 days of age.

Increased labeling of doublecortin in the
subgranular zone of Pcmt1–/– mice

Doublecortin is a microtubule binding protein that is
transiently expressed in proliferating progenitor cells and
the newly generated progeny of adult neural progenitor
cells (Francis et al., 1999; Brown et al., 2003). In this

study, doublecortin immunoreactivity was substantially
increased in the subgranular zone of Pcmt1–/– mice (Fig.
4B) compared with Pcmt1!/! mice (Fig. 4A). The in-
crease in labeling in the subgranular zone of Pcmt1–/–
mice appeared to be due to both a greater number of
labeled neuronal cell bodies and increased labeling of cel-
lular processes (Fig. 4A,B). In addition, the labeling of
apical dendrites extended further into the molecular layer
in Pcmt1–/– mice (Fig. 4B) compared to that in
Pcmt1!/! mice (Fig. 4A). Labeling in Pcmt1!/! mice
was generally in cell bodies aligned in a single row along
the base of the granule cell layer (Fig. 4C). In Pcmt1–/–
mice, however, more doublecortin-labeled cell bodies could
be seen along the base and extending as rows into the
granule cell layer itself (Fig. 4D). Increased doublecortin
labeling was observed in all Pcmt1–/– mice compared to
their Pcmt1!/! littermates.

To determine if increased doublecortin labeling could be
related to seizure activity, independent of the Pcmt1 mu-
tation, control experiments were conducted in pilocarpine-
treated mice during the chronic stage when the animals

Fig. 4. Doublecortin (DCX) immunolabeling in the dentate gyrus
of Pcmt1!/! and Pcmt1–/– mice. A,B: In Pcmt1!/! (A) and
Pcmt1–/– (B) mice, doublecortin labeling is visible along the sub-
granular zone (S) of the dentate gyrus, but the labeling is much
stronger in the Pcmt1–/– mouse (B). Also, labeling of dendrites is
more extensive in the granule cell and molecular layers of the
Pcmt1–/– mouse (B) than in the Pcmt1!/! mouse (A). C,D: Further

magnification shows a greater number of labeled cell bodies in the
subgranular zone in the Pcmt1–/– (D) compared to the Pcmt1!/! (C)
mouse. The immature neurons in the Pcmt1–/– mouse are more often
found clustered and extending as rows into the granule cell layer (D;
examples at arrows). Scale bars ) 200 $m in B (applies to A,B); 10 $m
in D (applies to C,D).
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were experiencing frequent spontaneous seizures. No in-
crease in doublecortin labeling was observed in these mice
at 2 months following pilocarpine-induced status epilepti-
cus when compared to age-matched control mice (Fig.
5C,D). However, in the same immunohistochemical exper-
iment, doublecortin labeling was substantially greater in
Pcmt1–/– mice (Fig. 5B) compared to that in Pcmt1!/!
mice (Fig. 5A), consistent with the previous descriptions.
Doublecortin labeling was greater in both Pcmt1!/! and
Pcmt1–/– mice than in the control and pilocarpine-treated
mice (compare Fig. 5A,B to 5C,D). This difference is pre-
sumably related to the normally greater neurogenesis in
young animals than in older animals. (Pcmt1 mice were
only 40 days of age, whereas the control and pilocarpine-
treated mice were 4 months of age at the time of perfu-
sion.)

Increased labeling of insulin-related
pathway components in the subgranular

zone of Pcmt1–/– mice
Type I insulin-like growth factor receptor (IGF-IR) and

insulin receptor (IR) are transmembrane tyrosine kinases
that share significant similarity in both structure and
function. Upon binding of their individual ligands, auto-
phosphorylation of the receptors’ beta subunits occurs.
The triple tyrosine cluster (Tyr1131, Tyr1135, and
Tyr1136 for IGF-IR and Tyr1146, Tyr1150, and Tyr1151
for IR) within the kinase domain is the earliest major site
of autophosphorylation for both receptors (Hernandez-
Sanchez et al., 1995) and is necessary for their activation
(White et al., 1985, 1988; Baserga, 1999; Lopaczynski et
al., 2000). Using an antibody that detects both IGF-IR

Fig. 5. Comparison of doublecortin (DCX) labeling in the dentate
gyrus of Pcmt1!/! (A) and Pcmt1–/– (B) mice with control (C) and
pilocarpine-treated (D) mice. A,B: Doublecortin labeling of cell bodies
in the subgranular region (S) and dendritic processes in the molecular
layer (M) is substantially increased in the Pcmt1–/– mouse (B) as
compared to that in the Pcmt1!/! mouse (A). Labeled neurons in the
granule cell layer (G) are also more numerous in the Pcmt1–/– mouse

(B). C,D: In contrast, doublecortin labeling is not increased in a
chronic pilocarpine-treated mouse (D) that was having frequent spon-
taneous seizures when compared with that in an age-matched (4-
month-old) control mouse (C). The more extensive labeling in the
Pcmt1!/! mouse (A) than in the control C57Bl/6 mouse (C) is likely
due to the younger age of the Pcmt1 mice. Scale bar ) 25 $m in D
(applies to A–D).
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phosphorylated at Tyr1131 and IR phosphorylated at
Tyr1146, increased immunoreactivity was found in the
subgranular zone of all Pcmt1–/– mice (Fig. 6B) compared
to that of their Pcmt1!/! littermates (Fig. 6A). The in-
creased labeling of pIGF-IR/pIR in Pcmt1–/– mice was
evident in multiple regions of both the hippocampus and
cortex but was especially prominent within the subgranu-
lar zone of the dentate gyrus. The increased labeling of
this region appeared to be within both cell bodies and the
processes that extended into the granule cell layer.

One of the major substrates for both IR and IGF-IR is
insulin receptor substrate-1 (IRS-1) (Sun et al., 1991;
White and Yenush, 1998), which appears to provide a link
between these receptors and downstream pathways essen-
tial for DNA synthesis and cellular proliferation (Sun et
al., 1993). IRS-1 is phosphorylated at tyrosine-941 by
IGF-I and insulin receptors and is one of the main binding
sites for PI3K (Xu et al., 1995). In this study, a similar
increase in immunoreactivity was seen for pIRS-1 (Fig.
6D) as was seen for pIGF-IR/pIR in the subgranular zone
of all Pcmt1–/– mice when compared to their Pcmt1!/!
littermates (Fig. 6C). These results are consistent with
those obtained previously in 50-day-old Pcmt1–/– and
Pcmt1!/! mice (Farrar et al., 2005).

Localization of doublecortin and insulin-
related pathway components in the same

cells of the dentate gyrus
Although doublecortin and the insulin-related pathway

markers, pIGF-IR/pIR and pIRS-1, appeared to be in-
creased in the same region, it was unknown whether they
were expressed on the same cells. In order to investigate
this, double immunofluorescence labeling for doublecortin
and the insulin-related pathway markers was performed.
As in the single-labeling studies, doublecortin labeling of
neurons in the subgranular zone and their dendrites that
extended into the granule cell layer was increased in
Pcmt1–/– (Fig. 7D,G) compared to Pcmt1!/! mice (Fig.
7A). Likewise, the intensity of pIRS-1 and pIGF-IR/pIR
immunofluorescence labeling was higher in the Pcmt1–/–
mice (Fig. 7E,H) and was seen in a greater number of
neurons and their processes in the subgranular zone when
compared to that in the Pcmt1!/! mice (Fig. 7B).

Localization of doublecortin and pIGF-IR/pIR was ob-
served in many of the same neurons and processes of both
Pcmt1!/! (Fig. 7C) and Pcmt1–/– mice (Fig. 7F). Local-
ization of doublecortin and pIRS-1 was also observed in
the same cells of both Pcmt1!/! (not shown) and

Fig. 7. Double immunofluorescence labeling of doublecortin and
insulin-related proteins in the granule cell layer of Pcmt1!/! and
Pcmt1–/– mice. A–C: In the Pcmt1!/! mouse, doublecortin (DCX)
labeling (A) is visible in the immature neurons of the subgranular
zone (S) and proximal dendrites that extend into the granule cell layer
(G). The pIGF-IR/pIR immunolabeling (B) in this mouse is also seen in
the subgranular zone neurons and their proximal dendrites. In the
merged image (C), the same cells that are labeled for doublecortin are
also labeled for pIGF-IR/pIR. D–F: In the Pcmt1–/– mouse, doublecor-
tin (D) is visible in the immature neurons of the subgranular zone, but
at a higher level than that seen in the Pcmt1!/! mouse (A). Immu-
nolabeling for pIGF-IR/pIR (E) is also increased in the neurons and
dendrites of the subgranular zone when compared to the Pcmt1!/!
mouse (B). In the merged image (F), both doublecortin and pIGF-IR/
pIR are localized in the same neurons of the Pcmt1–/– mouse. G–I:
Doublecortin labeling (G) and pIRS-1 labeling (H) in the Pcmt1–/–
mouse closely resemble the labeling patterns for doublecortin and the
insulin-related receptors (D–F). Likewise, doublecortin and pIRS-1
are localized in many of the same neurons of the subgranular zone (I).
J–L: At higher magnification, doublecortin labeling of dendrites in the
granule cell layer of the Pcmt1–/– mouse has a smooth, continuous
appearance (J). In contrast, the pIGF-IR/pIR immunolabeling in the
same region has a punctate appearance (K). In the merged image, the
punctate labeling of pIGF-IR/pIR appears to surround the smooth
doublecortin labeling in microtubules of the dendrites, consistent with
the location of the receptors on the dendritic surface. Scale bars ) 10
$m in C (applies to A–I); 5 $m in L (applies to J–L).

Fig. 6. Phosphoinsulin-like growth factor-I receptor/phospho-
insulin receptor (pIGF-IR/pIR) and phospho-insulin receptor
substrate-1 (pIRS-1) immunolabeling in the subgranular zone of
Pcmt1!/! and Pcmt1–/– mice. A: In the Pcmt1!/! mouse, pIGF-
IR/pIR immunolabeling is evident in some cell bodies in the subgranu-
lar zone (S) and their proximal dendrites that extend into the granule
cell layer (G). B: In the Pcmt1–/– mouse, the labeling for pIGF-IR/pIR
is visible in cell bodies and dendrites of the same region, but at a much
higher level. C: Labeling for pIRS-1 in the subgranular zone of the
Pcmt1!/! mouse is similar to that seen for pIGF-IR/pIR in this
mouse (A). D: In the Pcmt1–/– mouse, labeling for pIRS-1 is increased
in the cell bodies of the subgranular zone as well as their proximal
dendrites when compared to the Pcmt1!/! mouse (C). Scale bar ) 10
$m in D (applies to A–D).
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Pcmt1–/– mice (Fig. 7I). Much of the pIGF-IR/pIR and
pIRS-1 labeling had a punctate appearance (Fig.
7B,E,H,K) that contrasted with the more uniform labeling
of the microtubule-associated doublecortin protein (Fig.
7A,D,G,J). The difference in labeling patterns was partic-
ularly obvious at higher magnification (compare Fig. 7J
and 7K). An increase in the punctate labeling of pIGF-IR/
pIR and pIRS-1 was not confined to the doublecortin-
labeled neurons but was also evident throughout the gran-
ule cell and molecular layers of the dentate gyrus. The
subcellular localization of the punctate structures is un-
known. However, such labeling, particularly in the ma-
ture neurons, would be consistent with previous reports
showing these receptors in certain synaptic locations
(Garcia-Segura et al., 1997; Abbott et al., 1999).

DISCUSSION
Evidence for increased neurogenesis and
involvement of insulin-related receptor

pathways in Pcmt1–/– mice
Mice lacking a key protein repair enzyme, PCMT1, have

an apparent increase in activation of the IGF-I/insulin
receptor pathway (Farrar et al., 2005). In this study,
Pcmt1–/– mice were also found to have an increase in the
number of granule cells in the granule cell layer and hilus
of the dentate gyrus. In addition, they had an increased
abundance of immature neurons in the subgranular zone,
indicating either an increase in neuron proliferation or an
inhibition of apoptosis in the progeny of adult neural pro-
genitor cells (Åberg et al., 2000; D’Ercole et al., 2002).
Using a mitotic marker to examine active cell prolifera-
tion, a dramatic increase in the number of proliferating
cells was found in the dentate gyrus of the Pcmt1–/–
compared to Pcmt1!/! mice. These findings strongly
suggest that in the Pcmt1–/– mice the greater number of
granule cells is a result of increased cell production.

An increased abundance of immature neurons in the
Pcmt1–/– mice was detected with antibodies against dou-
blecortin, a microtubule protein specific to the recent prog-
eny of neural progenitor cells (Francis et al., 1999; Brown
et al., 2003) and one that is considered a reliable and
specific indicator of adult neurogenesis and its modulation
(Couillard-Despres et al., 2005). A striking increase in
doublecortin labeling was not only detected in the cell
bodies of immature neurons, but also in the dendritic
processes that extend into the granule cell and molecular
layers of the dentate gyrus. Previous studies of Pcmt1–/–
mice have demonstrated increased labeling for polysialic
acid-enriched neural cell adhesion molecule (PSA-NCAM)
in processes that perforated perpendicularly through the
granule cell layer (Ikegaya et al., 2001), but the signifi-
cance of this labeling was not addressed. It is very likely
that the PSA-NCAM-labeled processes described in the
earlier studies are the same as those labeled for doublecor-
tin in this study, as both markers have been observed in
immature neurons of this region in normal adult animals
(Seki and Arai, 1993; Seri et al., 2004).

Another major finding of this study was the localization
of activated components of the IGF-I/insulin receptor
pathways on the immature neurons of Pcmt1–/– mice.
Evidence from multiple lines of animals with genetic al-
terations in the IGF-I pathway (O’Kusky et al., 2000;
D’Ercole et al., 2002; Bondy and Cheng, 2004) and animals

in which IGF-I was administered systemically (Åberg et
al., 2000; Anderson et al., 2002) indicates that this path-
way promotes neurogenesis, neuronal survival, process
growth, and synaptogenesis. Although IGF-I receptors
have been localized on progenitor cells in hippocampal cell
cultures (Åberg et al., 2003), this appears to be the first
demonstration of activated insulin or IGF-I receptors on
immature neurons in the subgranular zone of the dentate
gyrus. The increased activation of the insulin or IGF-I
pathways in this region of the Pcmt1–/– mice could po-
tentially increase the growth and survival of newly gen-
erated granule cells and their developing axons.

Potential relationship of neurogenesis,
insulin-related pathways, and seizures in

Pcmt1–/– mice
Pcmt1–/– mice develop generalized seizures that usu-

ally appear after 30 days of age (Kim et al., 1997, 1999;
Yamamoto et al., 1998; Ikegaya et al., 2001; Farrar and
Clarke, 2002). Therefore, it remains possible that the sei-
zures in the Pcmt1–/– mice could be stimulating the neu-
rogenesis (Bengzon et al., 1997; Parent et al., 1997; Gray
and Sundstrom, 1998; Covolan et al., 2000; Sankar et al.,
2000; Scharfman et al., 2000), as well as the alterations
observed in insulin-related receptor pathways, such as
occurs in the trkB receptor pathway of kindled mice (He et
al., 2002). Future studies, possibly involving the suppres-
sion of seizures in Pcmt1–/– mice, will be necessary to
determine the contribution of the seizure phenotype to the
level of neurogenesis in these mice. However, the current
finding that pilocarpine-treated mice with frequent spon-
taneous seizures did not show an increase in doublecortin-
labeled neurons suggests that brief spontaneous seizures
alone are not enough to stimulate a substantial increase
in neurogenesis. Considering these findings, it appears
unlikely that the marked increase in doublecortin labeling
in the Pcmt1–/– mice is related primarily to seizure ac-
tivity.

In addition, increased levels of the insulin receptor
#-subunit are found in the brain tissue of very immature
(P0) Pcmt1–/– mice (Farrar et al., 2005), indicating that
insulin-related growth pathways are altered in these mice
before the development of generalized seizures. In addi-
tion, the accumulation of damaged proteins is also present
in the brain tissue of Pcmt1–/– mice before the develop-
ment of seizures (Lowenson et al., 2001), suggesting that
the accumulation of damaged proteins, and not the sei-
zures, precedes and possibly causes the increased activa-
tion of insulin-related growth pathways.

Interestingly, despite the greater number of granule
cells and the occurrence of seizures in Pcmt1–/– mice,
there is no evidence of mossy fiber sprouting into the inner
molecular layer of the dentate gyrus (Ikegaya et al., 2001).
Likewise, no hippocampal cell loss has been detected in
Pcmt1–/– mice under 50 days of age and only very rarely
in those over this age. (In a small number of Pcmt1–/–
mice over 50 days of age, some cell loss was present in
patterns that resembled seizure-induced damage; Farrar
and Houser, unpubl. findings.) However, the lack of cell
loss and mossy fiber sprouting in Pcmt1–/– mice does not
preclude the occurrence of other types of aberrant neuro-
nal growth and reorganization. The increased activation
of growth and survival pathways could lead to multiple
changes in granule cell morphology that might include

534 C.E. FARRAR ET AL.



dendritic, as well as axonal growth. If abnormal growth of
neuronal processes occurs in Pcmt1–/– mice, this, along
with the increased granule cell number, could lead to the
formation of aberrant and excessive connections. Such
changes could contribute to the hyperexcitability of the
mossy fiber path in Pcmt1–/– mice, as described previ-
ously (Ikegaya et al., 2001), and potentially contribute to
their recurrent seizures.

In this study, increased numbers of granule cells were
found not only in the subgranular zone but also in the
hilus. Similar increases in hilar granule cells have been
observed in other animal models following episodes of
induced status epilepticus (Parent et al., 1997; Scharfman
et al., 2000; Shapiro and Ribak, 2005). This increase in
granule cells within the hilus has generally been attrib-
uted to errors in cell migration. However, during certain
periods of normal development, granule cells are produced
in the hilus and subsequently migrate to the granule cell
layer (Altman and Bayer, 1990). The present findings of
increased numbers of mitotic cells and Prox1-labeled
granule cells in the hilus of Pcmt1–/– mice suggest that,
under certain conditions, increased generation of granule
cells can occur in the hilus, as well as in the more com-
monly recognized subgranular zone, in adult animals.

Implications and future directions
Adult neurogenesis in the dentate gyrus is stimulated

by numerous factors, including hormones (Gould et al.,
1992; Tanapat et al., 1999), neurotransmitter levels
(Gould et al., 1994; Brezun and Daszuta, 1999), growth
factors (Anderson et al., 2002), enriched environments
(Kempermann et al., 1997), and running (van Praag et al.,
1999). While many of these influences may be considered
positive, such as enriched environment and running, ac-
cumulating evidence indicates that various brain insults,
such as ischemia (Liu et al., 1998) and a severe seizure
episode (for recent review, see Parent, 2003) also promote
neurogenesis. This study raises the possibility that the
accumulation of isoaspartyl-damaged proteins may be an-
other type of brain insult that stimulates neurogenesis.
This is an especially intriguing possibility considering re-
cent studies showing increased expression of immature
neuronal markers in the dentate gyrus of patients with
Alzheimer’s disease, another condition in which damaged
proteins are known to accumulate (Jin et al., 2004).

The increased brain size of the Pcmt1–/– mice is an-
other interesting finding that remains unexplained. Al-
though increased neurogenesis of dentate granule cells
cannot account for this change, the increased activation of
insulin receptor-related pathways could stimulate addi-
tional growth-related changes in the brain, such as neu-
ronal hypertrophy, increased proliferation and survival of
glia, and reduced apoptosis (see D’Ercole et al., 2002, for
review). Future studies will be needed to determine the
contributions of these factors to the enlargement of the
hippocampus, as well as other brain regions, in the
Pcmt1–/– mouse (Farrar et al., 2005).

The cause of alterations in the insulin and/or IGF-I
pathways in these protein repair-deficient mice remains
unknown. Aside from the possibility that either single or
multiple components of these pathways accumulate
isoaspartyl-damage, the possibility that a general accu-
mulation of damaged proteins may alter tissue metabo-
lism and growth must be considered. One piece of evidence
that the Pcmt1–/– mice may possess an altered metabolic

state is the increased expression of insulin receptors from
the first postnatal day and in multiple tissues (Farrar et
al., 2005). Interestingly, unusually high numbers of insu-
lin receptors have been found in the brain tissue of pa-
tients who died of Alzheimer’s disease, and the investiga-
tors interpreted these changes as the brain’s attempt to
compensate for the receptors’ decreased activity (Frolich
et al., 1998). Whatever the cause for the altered insulin
receptor levels in Pcmt1–/– mice, one consequence may be
alterations in the IGF-I pathway, which may have a prom-
inent role in promoting cellular growth and survival, par-
ticularly in the brain (Bondy and Cheng, 2004). Future
studies will be necessary to determine the mechanisms
involved in the increased cellular proliferation and alter-
ations in metabolic and growth pathways in the Pcmt1–/–
mouse brain. Such studies could prove to be particularly
useful for determining the relationship between cellular
damage and growth-receptor pathways, especially in the
context of neurogenesis during such conditions as epilepsy
or the accumulation of protein damage.

ACKNOWLEDGMENTS
We thank Dr. Monique Esclapez for assistance with

stereological methods and helpful discussions and Dr.
Zechun Peng for assistance with double immunofluores-
cence methods and confocal microscopy.

LITERATURE CITED
Abbott MA, Wells DG, Fallon JR. 1999. The insulin receptor tyrosine

kinase substrate p58/53 and the insulin receptor are components of
CNS synapses. J Neurosci 19:7300–7308.

Åberg MA, Åberg ND, Hedbacker H, Oscarsson J, Eriksson PS. 2000.
Peripheral infusion of IGF-I selectively induces neurogenesis in the
adult rat hippocampus. J Neurosci 20:2896–2903.

Åberg MA, Åberg ND, Palmer TD, Alborn AM, Carlsson-Skwirut C, Bang
P, Rosengren LE, Olsson T, Gage FH, Eriksson PS. 2003. IGF-I has a
direct proliferative effect in adult hippocampal progenitor cells. Mol
Cell Neurosci 24:23–40.

Altman J, Bayer SA. 1990. Migration and distribution of two populations of
hippocampal granule cell precursors during the perinatal and postna-
tal periods. J Comp Neurol 301:365–381.

Altman J, Das GD. 1965. Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol 124:319–
335.

Anderson MF, Åberg MA, Nilsson M, Eriksson PS. 2002. Insulin-like
growth factor-I and neurogenesis in the adult mammalian brain. Brain
Res Dev Brain Res 134:115–122.

Bagri A, Gurney T, He X, Zou Y, Littman DR, Tessier-Lavigne M, Pleasure
S. 2002. The chemokine SDF1 regulates migration of dentate granule
cells. Development 129:4249–4260.

Baker J, Liu JP, Robertson EJ, Efstratiadis A. 1993. Role of insulin-like
growth factors in embryonic and postnatal growth. Cell 75:73–82.

Baserga R. 1999. The IGF-I receptor in cancer research. Exp Cell Res
253:1–6.

Beck KD, Powell-Braxton L, Widmer HR, Valverde J, Hefti F. 1995. Igf1
gene disruption results in reduced brain size, CNS hypomyelination,
and loss of hippocampal granule and striatal parvalbumin-containing
neurons. Neuron 14:717–730.

Bengzon J, Kokaia Z, Elmer E, Nanobashvili A, Kokaia M, Lindvall O.
1997. Apoptosis and proliferation of dentate gyrus neurons after single
and intermittent limbic seizures. Proc Natl Acad Sci U S A 94:10432–
10437.

Bondy CA, Cheng CM. 2004. Signaling by insulin-like growth factor 1 in
brain. Eur J Pharmacol 490:25–31.

Brennan TV, Anderson JW, Jia Z, Waygood EB, Clarke S. 1994. Repair of
spontaneously deamidated HPr phosphocarrier protein catalyzed by
the L-isoaspartate-(D-aspartate) O-methyltransferase. J Biol Chem
269:24586–24595.

535INCREASED NEURON NUMBER IN PCMT1–/– MICE



Brezun JM, Daszuta A. 1999. Depletion in serotonin decreases neurogen-
esis in the dentate gyrus and the subventricular zone of adult rats.
Neuroscience 89:999–1002.

Brown JP, Couillard-Despres S, Cooper-Kuhn CM, Winkler J, Aigner L,
Kuhn HG. 2003. Transient expression of doublecortin during adult
neurogenesis. J Comp Neurol 467:1–10.

Carson MJ, Behringer RR, Brinster RL, McMorris FA. 1993. Insulin-like
growth factor I increases brain growth and central nervous system
myelination in transgenic mice. Neuron 10:729–740.

Chavous DA, Jackson FR, O’Connor CM. 2001. Extension of the Drosophila
lifespan by overexpression of a protein repair methyltransferase. Proc
Natl Acad Sci U S A 98:14814–14818.

Chenn A, Walsh CA. 2002. Regulation of cerebral cortical size by control of
cell cycle exit in neural precursors. Science 297:365–369.

Clarke S. 2003. Aging as war between chemical and biochemical processes:
protein methylation and the recognition of age-damaged proteins for
repair. Ageing Res Rev 2:263–285.

Cooper-Kuhn CM, Kuhn HG. 2002. Is it all DNA repair? Methodological
considerations for detecting neurogenesis in the adult brain. Brain Res
Dev Brain Res 134:13–21.

Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M,
Weidner N, Bogdahn U, Winkler J, Kuhn HG, Aigner L. 2005. Dou-
blecortin expression levels in adult brain reflect neurogenesis. Eur
J Neurosci 21:1–14.

Covolan L, Ribeiro LT, Longo BM, Mello LE. 2000. Cell damage and
neurogenesis in the dentate granule cell layer of adult rats after
pilocarpine- or kainate-induced status epilepticus. Hippocampus 10:
169–180.

D’Ercole AJ, Ye P, O’Kusky JR. 2002. Mutant mouse models of insulin-like
growth factor actions in the central nervous system. Neuropeptides
36:209–220.

Doyle HA, Gee RJ, Mamula MJ. 2003. A failure to repair self-proteins leads
to T cell hyperproliferation and autoantibody production. J Immunol
171:2840–2847.

Farrar C, Clarke S. 2002. Altered levels of S-adenosylmethionine and
S-adenosylhomocysteine in the brains of L-isoaspartyl (D-Aspartyl)
O-methyltransferase-deficient mice. J Biol Chem 277:27856–27863.

Farrar C, Houser CR, Clarke S. 2005. Activation of the PI3K/Akt signal
transduction pathway and increased levels of insulin receptor in pro-
tein repair-deficient mice. Aging Cell 4:1–12.

Fero ML, Rivkin M, Tasch M, Porter P, Carow CE, Firpo E, Polyak K, Tsai
LH, Broudy V, Perlmutter RM, Kaushansky K, Roberts JM. 1996. A
syndrome of multiorgan hyperplasia with features of gigantism, tumor-
igenesis, and female sterility in p27(Kip1)-deficient mice. Cell 85:733–
744.

Francis F, Koulakoff A, Boucher D, Chafey P, Schaar B, Vinet MC, Frio-
court G, McDonnell N, Reiner O, Kahn A, McConnell SK, Berwald-
Netter Y, Denoulet P, Chelly J. 1999. Doublecortin is a developmen-
tally regulated, microtubule-associated protein expressed in migrating
and differentiating neurons. Neuron 23:247–256.

Frolich L, Blum-Degen D, Bernstein HG, Engelsberger S, Humrich J,
Laufer S, Muschner D, Thalheimer A, Turk A, Hoyer S, Zochling R,
Boissl KW, Jellinger K, Riederer P. 1998. Brain insulin and insulin
receptors in aging and sporadic Alzheimer’s disease. J Neural Transm
105:423–438.

Garcia-Segura LM, Rodriguez JR, Torres-Aleman I. 1997. Localization of
the insulin-like growth factor I receptor in the cerebellum and hypo-
thalamus of adult rats: an electron microscopic study. J Neurocytol
26:479–490.

Gould E, Gross CG. 2002. Neurogenesis in adult mammals: some progress
and problems. J Neurosci 22:619–623.

Gould E, Cameron HA, Daniels DC, Woolley CS, McEwen BS. 1992. Ad-
renal hormones suppress cell division in the adult rat dentate gyrus.
J Neurosci 12:3642–3650.

Gould E, Cameron HA, McEwen BS. 1994. Blockade of NMDA receptors
increases cell death and birth in the developing rat dentate gyrus.
J Comp Neurol 340:551–565.

Gray WP, Sundstrom LE. 1998. Kainic acid increases the proliferation of
granule cell progenitors in the dentate gyrus of the adult rat. Brain Res
790:52–59.

Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A, Zack
JA, Kornblum HI, Liu X, Wu H. 2001. Negative regulation of neural
stem/progenitor cell proliferation by the Pten tumor suppressor gene in
vivo. Science 294:2186–2189.

He XP, Minichiello L, Klein R, McNamara JO. 2002. Immunohistochemical

evidence of seizure-induced activation of trkB receptors in the mossy
fiber pathway of adult mouse hippocampus. J Neurosci 22:7502–7508.

Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T, Brinkley BR,
Bazett-Jones DP, Allis CD. 1997. Mitosis-specific phosphorylation of
histone H3 initiates primarily within pericentromeric heterochromatin
during G2 and spreads in an ordered fashion coincident with mitotic
chromosome condensation. Chromosoma 106:348–360.

Hernandez-Sanchez C, Blakesley V, Kalebic T, Helman L, LeRoith D. 1995.
The role of the tyrosine kinase domain of the insulin-like growth
factor-I receptor in intracellular signaling, cellular proliferation, and
tumorigenesis. J Biol Chem 270:29176–29181.

Ikegaya Y, Yamada M, Fukuda T, Kuroyanagi H, Shirasawa T, Nishiyama
N. 2001. Aberrant synaptic transmission in the hippocampal CA3
region and cognitive deterioration in protein-repair enzyme-deficient
mice. Hippocampus 11:287–298.

Ingrosso D, D’Angelo S, di Carlo E, Perna AF, Zappia V, Galletti P. 2000.
Increased methyl esterification of altered aspartyl residues in erythro-
cyte membrane proteins in response to oxidative stress. Eur J Biochem
267:4397–4405.

Ish-Shalom D, Christoffersen CT, Vorwerk P, Sacerdoti-Sierra N, Shymko
RM, Naor D, De Meyts P. 1997. Mitogenic properties of insulin and
insulin analogues mediated by the insulin receptor. Diabetologia
40(Suppl 2):S25–31.

Jin K, Peel AL, Mao XO, Xie L, Cottrell BA, Henshall DC, Greenberg DA.
2004. Increased hippocampal neurogenesis in Alzheimer’s disease. Proc
Natl Acad Sci U S A 101:343–347.

Johnson BA, Murray ED Jr, Clarke S, Glass DB, Aswad DW. 1987. Protein
carboxyl methyltransferase facilitates conversion of atypical
L-isoaspartyl peptides to normal L-aspartyl peptides. J Biol Chem
262:5622–5629.

Kaplan MS, Bell DH. 1984. Mitotic neuroblasts in the 9-day-old and 11-
month-old rodent hippocampus. J Neurosci 4:1429–1441.

Kempermann G, Kuhn HG, Gage FH. 1997. More hippocampal neurons in
adult mice living in an enriched environment. Nature 386:493–495.

Kim E, Lowenson JD, MacLaren DC, Clarke S, Young SG. 1997. Deficiency
of a protein-repair enzyme results in the accumulation of altered pro-
teins, retardation of growth, and fatal seizures in mice. Proc Natl Acad
Sci U S A 94:6132–6137.

Kim E, Lowenson JD, Clarke S, Young SG. 1999. Phenotypic analysis of
seizure-prone mice lacking L-isoaspartate (D-aspartate)
O-methyltransferase. J Biol Chem 274:20671–20678.

Kronenberg G, Reuter K, Steiner B, Brandt MD, Jessberger S, Yamaguchi
M, Kempermann G. 2003. Subpopulation of proliferating cells of the
adult hippocampus respond differently to physiologic neurogenic stim-
uli. J Comp Neurol 467:455–463.

Kuida K, Haydar TF, Kuan CY, Gu Y, Taya C, Karasuyama H, Su MS,
Rakic P, Flavell RA. 1998. Reduced apoptosis and cytochrome
c-mediated caspase activation in mice lacking caspase 9. Cell 94:325–
337.

Lanthier J, Desrosiers RR. 2004. Protein L-isoaspartyl methyltransferase
repairs abnormal aspartyl residues accumulated in vivo in type-I col-
lagen and restores cell migration. Exp Cell Res 293:96–105.

Lie DC, Song H, Colamarino SA, Ming GL, Gage FH. 2004. Neurogenesis
in the adult brain: new strategies for central nervous system diseases.
Annu Rev Pharmacol Toxicol 44:399–421.

Liu J, Solway K, Messing RO, Sharp FR. 1998. Increased neurogenesis in
the dentate gyrus after transient global ischemia in gerbils. J Neurosci
18:7768–7778.

Liu M, Pleasure SJ, Collins AE, Noebels JL, Naya FJ, Tsai MJ, Lowenstein
DH. 2000. Loss of BETA2/NeuroD leads to malformation of the dentate
gyrus and epilepsy. Proc Natl Acad Sci U S A 97:865–870.

Lopaczynski W, Terry C, Nissley P. 2000. Autophosphorylation of the
insulin-like growth factor I receptor cytoplasmic domain. Biochem Bio-
phys Res Commun 279:955–960.

Lowenson JD, Kim E, Young SG, Clarke S. 2001. Limited accumulation of
damaged proteins in L-isoaspartyl (D-aspartyl) O-methyltransferase-
deficient mice. J Biol Chem 276:20695–20702.

Mandyam CD, Norris RD, Eisch AJ. 2004. Chronic morphine induces
premature mitosis of proliferating cells in the adult mouse subgranular
zone. J Neurosci Res 76:283–294.

McFadden PN, Clarke S. 1987. Conversion of isoaspartyl peptides to nor-
mal peptides: implications for the cellular repair of damaged proteins.
Proc Natl Acad Sci U S A 84:2595–2599.

Mullen RJ, Buck CR. 1992. NeuN, a neuronal specific nuclear protein in
vertebrates. Development 116:201–211.

536 C.E. FARRAR ET AL.



O’Kusky JR, Ye P, D’Ercole AJ. 2000. Insulin-like growth factor-I promotes
neurogenesis and synaptogenesis in the hippocampal dentate gyrus
during postnatal development. J Neurosci 20:8435–8442.

Oliver G, Sosa-Pineda B, Geisendorf S, Spana EP, Doe CQ, Gruss P. 1993.
Prox 1, a prospero-related homeobox gene expressed during mouse
development. Mech Dev 44:3–16.

Parent JM. 2003. Injury-induced neurogenesis in the adult mammalian
brain. Neuroscientist 9:261–272.

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowenstein
DH. 1997. Dentate granule cell neurogenesis is increased by seizures
and contributes to aberrant network reorganization in the adult rat
hippocampus. J Neurosci 17:3727–3738.

Peng Z, Huang CS, Stell BM, Mody I, Houser CR. 2004. Altered expression
of the + subunit of the GABAA receptor in a mouse model of temporal
lobe epilepsy. J Neurosci 24:8629–8639.

Pleasure SJ, Collins AE, Lowenstein DH. 2000. Unique expression pat-
terns of cell fate molecules delineate sequential stages of dentate gyrus
development. J Neurosci 20:6095–6105.

Rakic P. 2002. Adult neurogenesis in mammals: an identity crisis. J Neu-
rosci 22:614–618.

Rao MS, Shetty AK. 2004. Efficacy of doublecortin as a marker to analyse
the absolute number and dendritic growth of newly generated neurons
in the adult dentate gyrus. Eur J Neurosci 19:234–246.

Sankar R, Shin D, Liu H, Katsumori H, Wasterlain CG. 2000. Granule cell
neurogenesis after status epilepticus in the immature rat brain. Epi-
lepsia 41(Suppl 6):S53–56.

Scharfman HE, Goodman JH, Sollas AL. 2000. Granule-like neurons at the
hilar/CA3 border after status epilepticus and their synchrony with area
CA3 pyramidal cells: functional implications of seizure-induced neuro-
genesis. J Neurosci 20:6144–6158.

Seki T, Arai Y. 1993. Highly polysialylated neural cell adhesion molecule
(NCAM-H) is expressed by newly generated granule cells in the dentate
gyrus of the adult rat. J Neurosci 13:2351–2358.

Seri B, Garcia-Verdugo JM, Collado-Morente L, McEwen BS, Alvarez-
Buylla A. 2004. Cell types, lineage, and architecture of the germinal
zone in the adult dentate gyrus. J Comp Neurol 478:359–378.

Shapiro LA, Ribak CE. 2005. Integration of newly born dentate granule
cells into adult brains: hypotheses based on normal and epileptic ro-
dents. Brain Res Brain Res Rev 48:43–56.

Sun XJ, Rothenberg P, Kahn CR, Backer JM, Araki E, Wilden PA, Cahill
DA, Goldstein BJ, White MF. 1991. Structure of the insulin receptor

substrate IRS-1 defines a unique signal transduction protein. Nature
352:73–77.

Sun XJ, Crimmins DL, Myers MG Jr, Miralpeix M, White MF. 1993.
Pleiotropic insulin signals are engaged by multisite phosphorylation of
IRS-1. Mol Cell Biol 13:7418–7428.

Tanapat P, Hastings NB, Reeves AJ, Gould E. 1999. Estrogen stimulates a
transient increase in the number of new neurons in the dentate gyrus
of the adult female rat. J Neurosci 19:5792–5801.

Tang FR, Chia SC, Zhang S, Chen PM, Gao H, Liu CP, Khanna S, Lee WL.
2005. Glutamate receptor 1-immunopositive neurons in the gliotic CA1
area of the mouse hippocampus after pilocarpine induced status epi-
lepticus. Eur J Neurosci 21:2361–2374.

Uhlmann EJ, Wong M, Baldwin RL, Bajenaru ML, Onda H, Kwiatkowski
DJ, Yamada K, Gutmann DH. 2002. Astrocyte-specific TSC1 condi-
tional knockout mice exhibit abnormal neuronal organization and sei-
zures. Ann Neurol 52:285–296.

van Praag H, Kempermann G, Gage FH. 1999. Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat
Neurosci 2:266–270.

West MJ. 1999. Stereological methods for estimating the total number of
neurons and synapses: issues of precision and bias. Trends Neurosci
22:51–61.

West MJ, Slomianka L, Gundersen HJ. 1991. Unbiased stereological esti-
mation of the total number of neurons in the subdivisions of the rat
hippocampus using the optical fractionator. Anat Rec 231:482–497.

White MF, Yenush L. 1998. The IRS-signaling system: a network of dock-
ing proteins that mediate insulin and cytokine action. Curr Top Micro-
biol Immunol 228:179–208.

White MF, Takayama S, Kahn CR. 1985. Differences in the sites of phos-
phorylation of the insulin receptor in vivo and in vitro. J Biol Chem
260:9470–9478.

White MF, Shoelson SE, Keutmann H, Kahn CR. 1988. A cascade of
tyrosine autophosphorylation in the beta-subunit activates the phos-
photransferase of the insulin receptor. J Biol Chem 263:2969–2980.

Xu B, Bird VG, Miller WT. 1995. Substrate specificities of the insulin and
insulin-like growth factor 1 receptor tyrosine kinase catalytic domains.
J Biol Chem 270:29825–29830.

Yamamoto A, Takagi H, Kitamura D, Tatsuoka H, Nakano H, Kawano H,
Kuroyanagi H, Yahagi Y, Kobayashi S, Koizumi K, Sakai T, Saito K,
Chiba T, Kawamura K, Suzuki K, Watanabe T, Mori H, Shirasawa T.
1998. Deficiency in protein L-isoaspartyl methyltransferase results in a
fatal progressive epilepsy. J Neurosci 18:2063–2074.

537INCREASED NEURON NUMBER IN PCMT1–/– MICE


